Silicon nanowires assembled from clusters or etched from the bulk, connected to aluminum electrodes and passivated, are studied with large-scale local-density-functional simulations. Short ͑ϳ0.6 nm͒ wires are fully metallized by metal-induced gap states resulting in finite conductance ͑ϳe 2 ͞h͒. For longer wires ͑ϳ2.5 nm͒ nanoscale Schottky barriers develop with heights larger than the corresponding bulk value by 40% to 90%. Electric transport requires doping dependent gate voltages with the conductance spectra exhibiting interference resonances due to scattering of ballistic channels by the contacts. PACS numbers: 73.40.Sx, 73.40.Cg, 73.20.Dx As the relentless miniaturization of electronic devices is reaching the nanometer scale, current device concepts may have to be radically modified due to the nonscalable nature of materials in this size range, with an emphasis on quantum mechanical effects [1]. However, while of significant fundamental interest and of high technological relevance, answers to such issues, in the form of reliable estimates of properties calculated and/or measured for nanoscale materials structures, pertaining to characteristics of individual nanoscale device components and their interconnections, are largely unavailable.
Metal-Semiconductor Nanocontacts: Silicon Nanowires
Silicon nanowires assembled from clusters or etched from the bulk, connected to aluminum electrodes and passivated, are studied with large-scale local-density-functional simulations. Short ͑ϳ0.6 nm͒ wires are fully metallized by metal-induced gap states resulting in finite conductance ͑ϳe 2 ͞h͒. For longer wires ͑ϳ2.5 nm͒ nanoscale Schottky barriers develop with heights larger than the corresponding bulk value by 40% to 90%. Electric transport requires doping dependent gate voltages with the conductance spectra exhibiting interference resonances due to scattering of ballistic channels by the contacts. PACS numbers: 73.40.Sx, 73.40.Cg, 73.20.Dx As the relentless miniaturization of electronic devices is reaching the nanometer scale, current device concepts may have to be radically modified due to the nonscalable nature of materials in this size range, with an emphasis on quantum mechanical effects [1] . However, while of significant fundamental interest and of high technological relevance, answers to such issues, in the form of reliable estimates of properties calculated and/or measured for nanoscale materials structures, pertaining to characteristics of individual nanoscale device components and their interconnections, are largely unavailable.
We report on large-scale ab initio simulations [2], providing first insight into the structures, electronic spectra, and transport properties of surface-passivated silicon nanowires (SiNWs) [3] , etched from bulk Si or prepared via a novel cluster assembly, and their contacts to aluminum electrodes. For a very short ͑ϳ0.6 nm͒ SiNW bridging the Al electrodes we find full metallization by metal-induced-gap states (MIGS) resulting in a finite electronic conductance ͑ϳe 2 ͞h͒, while for longer wires ͑ϳ2.5 nm͒ highly localized interfacial dipoles form which together with pinning of E F at the neutrality level result in nanoscale Schottky barriers with heights larger than the barrier at the corresponding bulk interface by 40% to 90%, depending on the type of SiNW and the interfacial atomic structure. Transport through the longer wires requires doping dependent gate voltages and the conductance spectra exhibit size-dependent oscillations due to interference resonances, originating from scattering of the ballistic conductance eigenchannels from the contacts.
In constructing the SiNWs we considered two strategies: (1) assembly of wires from silicon clusters [4], i.e., formation of cluster-derived (CD) SiNWs; see Fig. 1 where shown in (ii) is a Si 24 cluster bridging the two Al electrodes, referred to as Si 24 NW, and displayed in (iii) is a wire made of five base-sharing Si 24 clusters attached to the Al electrodes, referred to as Si 96 NW, and (2) etching of wires out of bulk Si; see Fig. 1 (i) where shown is an electrode-attached diamond-structured (DS) wire with its long axis along the [211] direction and exposing ͑111͒ and ͑011͒ surfaces [3a,3d] , referred to as Si 94 NW [5] . In all cases each of the electrodes is comprised of 116 Al atoms in a face-centered cubic structure exposing (111) facets, and all the Si dangling bonds not involved in bonding with the electrodes are passivated by hydrogen.
The electronic spectrum of each of the fully hydrogenpassivated free (unattached) longer wires exhibits a fundamental energy gap between the valence and conduction states [6] . The local density of states (LDOS) for the short cluster bridge [Si 24 NW, Fig. 2 While doping is likely to be unadvisable in nanoscale systems because of expected large device-to-device statistical variation in dopant concentrations [8] , the CD SiNWs offer a unique doping strategy through insertion of (interstitial) dopants into the cluster cages which are stabilized by endohedral doping. Modifications of the electronic properties of the CD Si 96 NW wire via doping with Al atoms are illustrated in Figs Analysis of the charge density r gap corresponding to states with energies in the gap region shows that these MIGS [9-11] extend into the metal but decay rapidly into the SiNW [12] . Consequently, while for the short undoped (as well as doped) Si 24 NW r gap bridges the two metal electrodes, this is not the case for the longer undoped nanowires [see, e.g., Fig. 1(a) ]. However, in the doped CD wires (Si 96 Al 2 NW and Si 96 Al 5 NW) r gap extends across the entire length of the nanowire [see, e.g., Fig. 1(b) ]. Inspection of the charge density difference between the electrode-attached SiNWs and their separated components (i.e., end-unpassivated wires and bare Al electrodes) shows the occurrence of charge transfer ͑ϳ0.3e͒ from the metal into the semiconductor, highly localized at the region of contact between them and resulting in interfacial dipoles of ϳ2 debye [13] .
From the position of E F in the electrode-attached wires and the position ͑E c ͒ of the bottom of the conduction states in the middle section (bulk) of the wire we calculate the following Schottky barrier (SB) heights: V SB ͑Si 96 NW͒ 0.9 6 0.05 eV and V SB ͑Si 94 NW͒ 1.2 6 0.05 eV. These values exhibit a dependence on the type of SiNW and on the atomic structure of the nanowireto-metal interface, and they are larger by 40% to 90% than the Schottky barrier height at the bulk contact between silicon and aluminum [10, 11, 14] . Further analysis shows strong pinning of the nanocontact Fermi energy at the nanowire neutrality level [15] . These results could not have been anticipated or extrapolated from prior studies of bulk interfaces [9] [10] [11] 14] because of the reduced dimensions of our systems; note, in particular, the much wider energy gap ͑ϳ2.5 eV͒ considered here [6] which could have been expected [9] to strongly decrease the penetration depth [12] of the MIGS, the discrete nature of the nanowire spectrum (in particular, interfacial gap states) . At the bottom of (e),(f ) we display the LDOS calculated at the middle of the corresponding wire. In all cases, the contribution from direct tunneling between the Al electrodes is insignificant. G is in units of 2e 2 ͞h, energy is in eV, and LDOS is in arbitrary units.
which could have influenced the degree of pinning in the nanocontact, and the small (finite) lateral dimensions of the interfacial dipoles [13] and their influence on the energetics of the nanoscale Schottky barrier. The calculated conductances [7] of the nanowires versus energy are displayed in Fig. 3 . These energies may be accessed through the application of a gate voltage V G . The conductances portray overall the global shape of the corresponding LDOS (Fig. 2) , with a finite conductance at E F (i.e., at V G 0) found only for the undoped and doped Si 24 NW bridges [ Fig. 3(d) ]. Additionally, doping significantly reduces the conductance threshold energy E th (i.e., the energy interval between E F and the onset of finite conductance) for transport through the conduction states [compare Fig. 3(b) with Fig. 3(a) ].
A prominent characteristic of the calculated conductance is the occurrence of conductance spikes, particularly for the longer CD and DS nanowires. The conductance spectra reveal that together with DOS effects their variations with energy are punctuated by the opening of new conductance channels, modulated by the energy dependence of the transmission probabilities of the channels, as well as by interference effects. This can be seen from expanded views near the conduction-manifold threshold regions for the CD Si 96 Al 5 NW and DS Si 94 NW nanowires shown in Figs. 3(e) and 3(f), respectively, where in addition to the total conductance we display the contributions to the conductance from individual eigenchannels [7] . For the CD Si 96 Al 5 NW [ Fig. 3(e) ] we note the simultaneous opening, at E 23.75 eV, of two quasidegenerate channels, reflecting the approximate axial cylindrical symmetry of the wire [16] . After opening of a conductance channel its transmission rises to about unity and exhibits subsequently fluctuations between maximal values (close to unity in most cases) originating from interference resonances, as the eigenchannels scatter from the two ends (contacts) of the wire [17] . Indeed, comparison of the LDOS spectra given at the bottom of Figs. 3(e) and 3(f) with the total conductance spectra shows that the structure of the latter does not always follow that of the former. For example, focusing on the high conductance (fourth) peak at 22 eV in Fig. 3(f) , we find that it does not correlate directly with a strong LDOS feature; instead, it is the result of interference resonances, with contributions from up to six different conductance eigenchannels.
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